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Skeleton morphogenesis: Defining the skeletal elements
Andrea Vortkamp
A recent study of mice carrying different combinations
of mutations in the genes for two bone morphogenetic
factors (BMPs), BMP5 and GDF5, indicates that BMPs
have specific and synergistic functions in the regulation
of skeleton development. 
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The vertebrate skeleton consists of a variety of individual
elements, each characterized by a specific size and shape.
There are two main modes by which these skeletal ele-
ments are formed. In one mode, known as ‘intramem-
branous ossification’, which occurs for example in the
development of the skull, mesenchymal cells directly dif-
ferentiate into bone. In the other mode, known as ‘endo-
chondral ossification’, which is used to form the bones of
the vertebral column, the extremities and the shoulder
and pelvic girdles, the  skeletal elements are derived from
cartilage precursors that are later replaced by bone tissue.
The first step in endochondral ossification is the
aggregation and condensation of mesenchymal cells,
which then differentiate into chondrocytes. The cartilage-
nous progenitor of a bone can be formed either by the
direct condensation of mesenchymal cells or by branching
and/or splitting of an individual condensation into several
cartilage elements. For example, in the developing limb a
single condensation first branches into a Y-shaped struc-
ture and then splits into the precursors of humerus, ulna
and radius, whereas the digits develop as single rod-like
condensations which then segment into the different pha-
lanxes [1,2]. Although these processes are morphologically
very well described, until recently little was known about
the signals that regulate the initiation, branching and split-
ting of the early condensations. In the last few years,
however, members of the bone morphogenetic protein
(BMP) family of secreted proteins have been implicated
in these processes by genetic studies in mice. Most
recently, by crossing two mouse strains carrying mutations
in two different BMP genes, Storm et al. [3] have demon-
strated that BMPs synergystically regulate both the con-
densation and splitting of specific cartilage elements.
The BMPs form a subgroup of the transforming growth
factor b (TGFb) family of secreted molecules, and new
examples are being discovered at an increasing rate. They
are synthesized as large precursor proteins containing a
signal peptide, an amino-terminal pro-domain and a func-
tional carboxy-terminal signalling domain. Mature BMP
proteins contain seven conserved cysteine residues and
are cleaved from the precursor after a dibasic RXXR motif
(where R is arginine and X any amino acid) [4]. 
The different BMPs are expressed in very complex pat-
terns during embryogenesis and have been shown to regu-
late the development of a variety of embryonic structures.
For example, BMPs have been implicated in the estab-
lishment of the dorsal–ventral body axis, left–right asym-
metry, the patterning of neural tissue and  somites, and
the morphogenesis of the kidney, lung and gut [5].
Although the roles of BMPs in some of these processes
are well characterized, and in spite of the fact that BMPs
were first isolated because of their ability to induce
ectopic chondrogenesis [6], relatively little is known
about their function during embryonic development of
the skeleton.
The recent discovery that two mouse mutants, short ear
(se) and brachypodism (bp), are caused by mutations in
members of the BMP family — BMP5 and growth differ-
entiation factor 5 (GDF5), respectively — gave the first
hint that at least some BMPs have specific regulatory roles
in the development of cartilage condensations (Fig. 1)
[7,8]. Short ear mice are characterized by having abnor-
mally small external ears (pinnae) and several internal
skeletal abnormalities, including a change in size and
shape of the xiphoid process of the sternum and a slight
reduction in the length of the long bones of the limbs [9].
The most obvious phenotype of brachypodism mice is a
shortening of the long bones of the limbs and a fusion of
the medial and distal phalanxes in digits II–V of both fore
and hind limbs; they also have malformations of several
limb joints [10].
Although the two mutations have different effects on the
development of the skeleton, they have some characteris-
tics in common. Developmental studies revealed that, in
both cases, abnormalities of the affected skeletal elements
can first be found at the earliest stages of mesenchymal
condensations. At these stages, both genes are normally
expressed in the tissues affected by the respective muta-
tions. Thus, BMP5 is expressed in early condensation of
the pinnae and the xiphoid process, and is later found in
the perichondrium surrounding the developing cartilage
elements including those of the limb bones [11], while
GDF5 expression can first be detected in those areas of
cartilage condensations where the joints will later form.
This expression of GDF5 precedes any morphological
sign of joint formation, indicating that GDF5 may have an
inductive function in this process [3].
Interestingly, both genes are expressed not only in tissues
affected in the respective mutations, but in several addi-
tional locations of the developing skeleton which are not,
or are only mildly, affected in the mutant animals. This
suggests that neither BMP5 nor GDF5 expression is indis-
pensable for the normal development of all the structures
in which they are expressed and that other factors, most
likely closely related members of the BMP family, might
have overlapping functions.
That BMPs act in a synergistic way in at least some
aspects of skeletal development is implied by the pheno-
type of the new se/se; bp/bp double mutants. [3]. Through-
out most of the skeleton, the double mutant mice simply
display the sum of the individual phenotypes — for
example, they have short ears and short limbs. Strikingly,
however, whereas short ear mice show only a mild defect
of the xiphoid process of the sternum, and no alterations
of the sternum are found in brachypodism mice, sternum
development is severely affected in the double mutants. 
During normal development, the sternum forms from two
mesodermal  condensations in the lateral body wall, which
fuse above the ventral midline, proliferate and differenti-
ate into cartilage. The ribs are derived from independent
condensations which contact the sternal band transiently,
inducing its segmentation into individual sternebrae. The
segmentation process is similar to that which occurs during
digit formation, but sternebrae and ribs stay connected by
a non-mineralized fibrocartilagenous matrix, rather than
being completely separated by synovial joints [12].
In the double mutants, the presternal bands condense, but
are thinner than normal in the center. This region does not
grow in width, so that this portion of the sternal bands fails
to intersect the ribs, no sternebrae form and the ribs grow
until they contact each other. More laterally, where sterne-
brae form, the fibrocartilagenous junctions do not remain
unmineralized, as they normally do, and the ribs and sterne-
brae become connected by ossified tissue. The distal ends
of the sternum, however, show no synergistic phenotype. 
The phenotype of the double mutant mice clearly
demonstrates that BMP5 and GDF5 act in a synergistic
way during the formation of the sternum. GDF5 is
expressed in the early precondensations of the sternum
and ribs, later becoming restricted to small bands in the
intercostal junctions, whereas BMP5 is expressed in the
perichondrium of the sternum and ribs. Interestingly, this
is a rare example where functionally redundant genes are
expressed in different cell populations of the affected
tissue. This may be because they encode proteins that,
while secreted from different sources, can act on the same
target cells. Alternatively, instead of replacing each other’s
function in a common signalling pathway, they might acti-
vate parallel regulatory pathways which are able to substi-
tute for each other by indirect means.
Consistent with the latter possibility, in the single
mutants, loss of BMP5 mainly alters the condensation
process, whereas GDF5 loss has a major effect on the for-
mation of the joints. In addition to missing or malformed
joints, however, GDF5-deficient brachypodism mice are
also characterized by shorter bones. As GDF5 is expressed
predominantly in the joint regions, this combination of
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Figure 1
A mouse skeleton (a) and a diagram of the sternum (b), coloured to
show the regions affeted by the short ear (se) and brachypodism (bp)
mutations. The se and bp mutations affect different parts of the mouse
skeleton (coloured red and blue, respectively); se/se; bp/bp double
mutants show the sum of the individual phenotypes and additionally
the sternum is affected (green). The latter result shows that the se and
bp gene products, BMP5 and GDF5, respectively, have a synergistic
effect in sternal development.
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malformed joints and shortened long bones raises the
interesting possibility that signals from the joints are nec-
essary for the growth of the cartilage elements, and that
these signals are reduced in the malformed joints of the
mutant mice. Such an interaction could thus lead to an
indirect form of redundancy between BMPs.
The analysis of animals carrying different numbers of
mutated alleles revealed further that BMP5 and GDF5
compensate for each other with different efficiency. Se/se;
bp/+ mice show only a slightly enhanced sternal pheno-
type compared to the short ear mutation. Therefore, one
allele of GDF5 is nearly as efficient as two alleles in com-
pensating for the loss of BMP5 in the short ear back-
ground. However se/+; bp/bp mice display a range of
defects in specific sternocostal joints — from ectopic ossi-
fications to bone formation continuous with the caudal
sternebrae — which are not detected in the brachipodism
mouse line. These defects are not as severe as in the se/se;
bp/bp double mutant mice, implying that BMP5 compen-
sates for GDF5 in a dosage-dependent manner. Thus,
GDF5 seems to have a stronger influence on the develop-
ment of the sternum and only a normal-strength BMP5
signal can fully compensate for loss of GDF5.
The analysis of the different mouse mutations indicates
that BMPs interact in complex signalling pathways to
regulate skeletal development. They can substitute for
each other in the development of some structures, but are
indispensable for the organization of others. This
redundancy of function might help guarantee the develop-
ment of a functional skeleton, and in addition allow subtle
species-specific modification of single skeletal elements
without impairing the organization of the entire body plan.
A detailed analysis of the expression patterns of the
different BMP genes should give further insight into
which members are involved in common patterning
events. Starting from the described studies [3], the most
promising candidates might be closely related members
within the BMP family. GDF5, GDF6 and GDF7, for
example, form a subgroup of the BMP family, and all
three are expressed in joint regions [3]. BMP2, BMP4,
BMP5 and BMP7 are expressed in different early conden-
sations and later in the perichondrium surrounding the
condensations, whereas BMP6 is expressed in differenti-
ated hypertrophic chondrocytes [13,14]. The analysis of
single and double mutant mice should give further insight
in the combination of genes responsible for the develop-
ment of specific cartilage elements.
Unfortunately, short ear and brachypodism are the only
natural occurring mutations of genes for BMPs identified
so far. The generation of ‘knockout’ mice by targeted
gene inactivation is a useful tool for analyzing the role of
specific genes during development, and BMP7 knockout
mice have been generated and found to have skeletal
abnormalities, in particular, polydactytly in combination
with rib and sternal defects [15,16]. As BMPs have impor-
tant roles in a variety of early developmental processes,
however, loss of many of them might result in lethality
before skeletal development starts, as is the case for
BMP2 and BMP4. It may be possible to study the role of
these BMPs by tissue-specific gene inactivation, but this
will require prior identification of the tissue-specific pro-
moter elements.
In addition to signals mediated by BMPs, other factors
are likely to influence the condensation of cartilage ele-
ments. Little is known about the mechanisms determin-
ing the location and the shape of the cartilage
condensations. Genes likely to be involved in this
process include members of the Hox gene family, which
provide positional information in the early limb bud and
along the anterior–posterior body axis, and studies of
mutant mice have shown Hox genes have a striking, but
also redundant, influence on the skeletal structure (for
example, see [17–19]).
Another question is how the early condensations are
restricted in size. What inhibits BMPs from turning the
entire mesenchyme into bone? Misexpression of BMP4
during limb development leads to a dramatic increase in
cartilage formation [20], most likely by overcoming the
natural restriction signals and thereby initiating chondro-
genesis throughout the entire limb mesenchyme. Noggin
and Chordin are candidate restriction signals in dorso-
ventral patterning [21–23] — both have been shown to
bind to BMP4 and inhibit its function in dorso-ventral pat-
terning. The analysis of the potential role of Noggin and
Chordin in bone formation could give interesting new
insight into the mechanism of cartilage formation.
The analysis of mice carrying compound BMP5 and
GDF5 mutations by Storm et al. [3] has given interesting
new insights into the role of BMPs in skeletal develop-
ment and provided an excellent starting point for the
further analysis of an obviously complex signalling
network regulating the development of the skeleton.
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